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ABSTRACT
Structure of Collisional Metamorphism, Soft-Sediment Deformation,
and Low-Angle Normal Faulting in the Beaver Dam Mountains
Jacob Isaac Voorhees
Department of Geological Sciences, BYU
Master of Science
Precambrian metamorphic rocks in the Beaver Dam Mountains display asymmetric,
isoclinal folds with consistent fold axes plunging to the NW. These folds are parasitic and have a
recursive nature that occurs on wavelengths from centimeters to perhaps kilometers as part of a
NW-SE striking shear zone. The vergence of the folds indicates oblique shearing with a transport
direction plunging 29° to the south. This shear zone may be associated with the collision of
Yavapai Province island arcs with Laurentia.
Structurally overlying, and adjacent to the metamorphic rocks are allochthonous and
attenuated Mississippian limestone blocks and other strata debated to be either the result of
mega-landsliding or fragments of the hanging wall rocks above a low-angle normal fault. We
document previously unreported cataclastic damage zones tens of meters thick, an
anastomosing zone of greenschist facies alteration hundreds of meters thick, and polished lowangle fault surfaces beneath these blocks.
Other observations previously used to support a mega-landslide hypothesis are
blocks of Redwall Limestone structurally overlying what was interpreted as
Tertiary conglomerate. However, this contact is depositional, and the conglomerate is likely a
sedimentary breccia facies of the Mississippian Redwall Limestone which is documented in
several locations within the region. Additionally, some of the deformation and attenuation that
was wrongly attributed to mega-landsliding or low-angle normal faulting is due to previously
undocumented soft-sediment deformation. This deformation was gravity driven and
accommodated by ductile granular flow, resulting in recumbent folds within the Mississippian
Redwall Limestone and a prominent non-brittle detachment surface between the Redwall
Limestone and the Cambrian Bonanza King Formation at Castle Cliff. This detachment was
previously interpreted as the Castle Cliff Detachment, a low-angle normal fault, or as the slip
surface of a landslide.

Keywords: Beaver Dam Mountains, low-angle normal faulting, Precambrian, Yavapai Province,
basement, soft-sediment, Basin and Range, Grand Wash Fault
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1. Introduction
The Beaver Dam Mountains (BDM) offer a rare glimpse into many deformation events
that shaped what is now the western edge of North America (Figure 1). For example, it
showcases a thick section of Early Proterozoic metamorphic rocks that provide hints into the
evolution of a portion of North America’s basement. In addition, these rocks may record
deformational events associated with the Cretaceous to Eocene Cordilleran orogeny, Basin and
Range extension, and possibly mega-landslides. This research is important because
differentiating between equivocal deformation mechanisms that produce similar structures
provides insights into deconstructing the deformational history of other mountain systems.
There are only a few outcrops of basement rock in Utah, and as a result of the limited
exposure tectonic boundaries between basement terranes are controversial and little is known
about the tectonic settings in which these terranes were accreted and metamorphosed.
Additionally, these exposures are relatively small, making detailed study of the available outcrop
important. The metamorphic complex in the Beaver Dam Mountains offers an opportunity to
learn about the conditions and kinematics of its metamorphism.
The deformation that caused the current structural expression of the range is also not well
understood. There is no consensus on whether doming of the Beaver Dam Mountains is from
convergence or isostatic rebound during exhumation. Additionally, some regional, large
displacement faults are interpreted with contradicting kinematics along strike. The largest
controversy surrounds detached limestone blocks, which are argued to be either pieces of the
hangingwall of a low-angle normal fault (Bidgoli et al., 2015) or large slide blocks (Anders et al.,
2013). The possible occurrence of low-angle normal faulting has broader implications for the
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exhumation of metamorphic rocks elsewhere and for understanding the settings and conditions in
which these faults form.

2

Figure 1. Beaver Dam Mountains study area. Metamorphic complex is mapped as separate units in Figure 2. Modified from Biek et al. (2010).
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Figure 2. Map of metamorphic complex and surrounding area.
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Figure 3. Cross section through the Beaver Dam Mountains, shown as line A on Figure 1. Three major faults are shown. A pericline forming thrust
fault (Beaver Dam Thrust), a low-angle normal fault that formed at the onset of Basin and Range extension (BDLANF), and the more recent
Grand Wash Fault which crosscuts both other faults.
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2. Geologic Overview
The Beaver Dam Mountains are located in southwest Utah near the border of Nevada on
the eastern margin of the Basin and Range. The mountains have a core of metamorphic basement
rock, surrounded on the east by Paleozoic and Mesozoic sedimentary rocks, and on the west by
an extensional basin. The Precambrian Beaver Dam Metamorphic Complex (BDMC) features a
wide range of lithologies including orthogneiss, paragneiss, amphibolite, pegmatite, leucogranite,
migmatite, hornblendite, and diorite. There is a roughly one-billion-year nonconformity
separating the metamorphic rocks from the Cambrian sedimentary rocks overlying them. Passive
margin subsidence following rifting that began with the breakup of Rodinia (720 Ma, Goodge et
al., 2008) and continued deposition throughout the Mesozoic Era resulted in a section of
sedimentary rocks up to 10 km thick by the end of the Cretaceous (Biek et. al, 2010). The Beaver
Dam Mountains are found near the eastern front of the Sevier Thrust and Fold Belt, and may
have been affected by the associated deformation. During the Miocene, exhumation unroofed the
metamorphic complex and its section of sedimentary cover. Large allochthonous Cambrian and
Mississippian carbonate blocks now rest directly on the BDMC, with the detachment beneath
them argued to be either a low-angle normal fault, or the slide surface of a mega-landslide.
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3. Previous Work
The first researchers in the Beaver Dam Mountains focused mainly on stratigraphy and
mapping of the sedimentary units, although they did make some structural interpretations.
Dobbin (1939), Reber (1952), and Cook (1960) interpreted the detached Paleozoic limestone
blocks as thrust klippen. This idea fell out of favor with later researchers because thrusting
generally places older units on top of younger. Although younger over older structural relations
are possible, they require require more complex deformational conditions, such as out-ofsequence thrusting of previously folded units.
Other early structural interpretations were made about the periclinal form of the range
(double plunging anticline to the north and south). This large scale structure has been attributed
to different causes such as contraction during the Cordilleran Orogeny (Dobbin, 1939; Hintze,
1986; Reber, 1952), folding from isostatic rebound following low-angle normal faulting
(Wernicke and Axen, 1988), and rotation on a convex-upward attenuation fault (Anderson and
Barnhard, 1993).
The timing of exhumation was evaluated by Bidgoli et al. (2015) using apatite and zircon
(U‑Th)/He thermochronometry. The Beaver Dam Mountains experienced rapid uplift ca. 18-17
Ma, while exhumation in the Mormon Mountains began 14-13 Ma, suggesting that extension in
this part of the Basin and Range began on the eastern margin and migrated westward. Quigley et
al. (2010) interpreted a rapid exhumation phase of the Virgin Mountains, just south of the Beaver
Dams, beginning at 17 Ma shown by apatite fission-track ages and analysis of track lengths,
which is consistent with the timing of exhumation in the Beaver Dam Mountains. The Virgin
Mountains are structurally similar to the Beaver Dam Mountains and the two ranges are part of a
larger arcuate structure.
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Little research has been published regarding the BDMC. However, Nelson et al. (2011)
obtained U/Pb ages for samples of orthogneiss, garnet paragneiss, and a leucogranite with little
to no foliation. The ages are all close to 1.7 Ga, which is interpreted as the minimum age of peak
metamorphism. Previously this area was assumed to belong to the Mojavia metamorphic
province, which has apparent model ages of 2.0-2.3 Ga, while the mean ages of the samples and
all individual analyses were outside of this range. Mojavia crust should contain a large fraction
of 2.0-2.3 Ga material. Conversely, Yavapai crust formed from Paleoproterozoic terranes that
were metamorphosed at ~1.7 Ga, so it is more likely that the Beaver Dam Mountains are part of
the Yavapai province or are a shear zone involved with its accretion.
The low-angle faulting and mega-landslide interpretations for detached and isolated
blocks of Cambrian and Mississippian dolomite and limestone remain in dispute. Many
Paleozoic sedimentary cover units are thinned and truncated by low-angle surfaces between
units. These surfaces are interpreted both as low-angle normal faults (Anderson and Barnhard,
1993; Bidgoli, 2015; Biek et. al, 2010; Wernicke and Axen, 1988) and as gravity slide planes
(Anders et al., 2013; Carpenter and Carpenter, 1989; Cook, 1960; Jones, 1963).
Anders et al. (2013) suggest that a lack of increase in the density of microfracturing in the
footwall with increasing proximity to the detachment is inconsistent with faulting. They also
suggest that the absence of varying cathodoluminescence in breccia of Bonanza King dolomite
collected 15 m above the Tapeats Sandstone means that it formed during a single episode of
deformation, which is more consistent with a rapidly emplaced landslide than a fault undergoing
repeated rupturing. Carpenter and Carpenter (1994) claim that 15 of the Paleozoic blocks located
southwest of Welcome Springs are lying on top of the Tertiary Muddy Creek Formation.
However, no age constraints for the ‘Tertiary” unit are reported. They extrapolate their mega-
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landslide interpretation to include other blocks interpreted as tectonically thinned Paleozoic
units.
4. Methods
4.1 Mapping and Structural Analysis
Structural field mapping involved traverses perpendicular and parallel to the strike of
foliation and layering of the metamorphic complex covering 60% of good exposure.
Measurements of macro-scale structures are combined with observations from oriented thin
sections. The database consists mostly of ductile metamorphic fabrics and structures related to
subsequent brittle deformation. These measurements are found in the BDM_Measurements.kmz
attached within the pdf. Sample locations are given in Table 1 of Appendix 1. Figure locations
are given in Table 2 of Appendix 1 as well as in the attached BDM_Figures.kmz.
5. Results
5.1 Lithologies
The compositions of the Beaver Dam metamorphic complex (BDMC) include gneiss,
schist, amphibolite, pegmatite, leucogranite, and migmatite. There are two groups of gneiss:
orthogneiss and paragneiss, although determining the protolith can be difficult due to the high
grade of metamorphism. Compositional layering may indicate a sedimentary protolith, but it is
obscured by layers of melanosomes and leucosomes that formed during widespread
migmatization.
5.1.1 Gneiss
The mineralogy of the orthogneisses and paragneisses is similar, with quartz, plagioclase,
k-feldspar, and biotite as primary minerals. Garnet is common in both varieties of gneiss.
Foliation in the paragneisses is defined by biotite rich zones (phyllosilicate-rich or P-domains),
9

which manifest the most intense deformation. The paragneisses break preferentially along these
biotite rich foliation planes. The orthogneiss has more disseminated biotite and poorly developed
foliation. Much of the orthogneiss is proto-mylonitic showing varying degrees of grain size
reduction and a weak s-c fabric with some relatively undeformed zones. The orthogneiss makes
up the northeast portion of the BDMC with adjacent metasediments to the southwest.

Figure 4. Left: representative sample of weakly foliated orthogneiss, 14BD57. Right: paragneiss with
well-developed foliation and compositional banding.
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Figure 5. Photomicrographs of representative gneiss samples. Top: sample 14BD51 of relatively
undeformed orthgneiss consisting of quartz, feldspar, plagioclase, biotite, and garnet, sample 14BD51.
Bottom: sample 14BD8 of paragneiss consisting of quartz, feldspar, biotite and garnet. Garnet has
inclusion trails that are oblique to the dominant foliation but parallel with other porphyroblasts.
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5.1.2 Schist
Similar to the gneiss, the primary minerals of the schist are quartz, k-feldspar,
plagioclase, and biotite. The higher abundance of mica produces a well-developed schistosity.
Garnet is abundant and sillimanite is common. Because of the high percentage of mica, the
protolith of the schist was most likely sedimentary.

Figure 6. Quartz, feldspar, biotite, garnet, sillimanite schist, sample 14BD10.

5.1.3 Amphibolite
Amphibolites in the Beaver Dam Mountains commonly have amphibole, quartz, kfeldspar, plagioclase, and ± pyroxene. They vary in the proportions of these minerals that they
possess and in the degree of foliation development. The color of the amphiboles in plane
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polarized light ranges from yellow-brown to bright green between samples, suggesting possible
variation in compositions. Some amphibolites are 90% or more amphibole. Amphibolite is found
in lineaments or in pods, that are most likely dikes, rather than in extensive areas of outcrop. The
largest occurrence of amphibolite is in the northwest corner of the complex (Figure 2). At this
location dehydration reactions change amphibole to pyroxene.

Figure 7. Left: Photomicrograph of amphibolite sample 14BD7 with yellow-brown amphibole. This
sample is ~ 90% amphibole with some quartz. Sample 14BD7. Right: Foliated amphibolite with yellowgreen, sometimes brownish amphibole and altered feldspar. Sample 14BD26.

5.1.4 Pegmatite and Leucogranite
Dikes of pegmatite and leucogranite are common throughout the Beaver Dam Mountains.
The leucogranite is composed of quartz, K-feldspar, plagioclase, ± garnet, while the pegmatite
has quartz, k-feldspar, biotite, plagioclase, and muscovite/sericite. Garnet is common in both the
pegmatite and leucogranite. Pegmatite in the northwest part of the complex has a metallic
magnetic mineral, and lacks garnet. Most often, the pegmatite and leucogranite dikes are parallel
to the dominant foliation.
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Figure 8. Left: Large quartz and k-feldspar crystals in pegmatite sample 14BD20. Right: Leucogranite
with garnet, sample 15BD7.

5.1.6 Migmatite
Some of the metasediments are riddled with leucosomes a few cm to m thick. The small
size of some of these melt segregations suggest that they did not travel very far from their source,
which is consistent with partial melting of the host rocks during migmatization (Figure 9). The
leucosomes consist mainly of quartz and feldspar with some white mica. Adjacent to the melt
segregations are melanosomes rich in biotite. A high concentration of garnet in and around
leucosomes is an indicator that it likely formed during peritectic melting. The size and relative
volume of the veins increase towards the orthogneiss.
Pegmatite and leucogranite dikes throughout the metamorphic complex may have
developed in-situ, fed by the melt of the migmatites. These larger scale leucosomes and
melanosomes obscure the contacts between units, which are already obscured by weathering and
limited exposure.
Migmatized amphibolite is found in the northwest part of the complex, near Welcome
Springs and northeast of Sheep Horn Knoll. Pyroxene is also found from dehydration reactions
of amphibole. Because significantly higher temperatures are needed for amphibole dehydration
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melting than for biotite dehydration melting (López, S., and Castro, A., 2001), the migmatized
amphibolites may have a separate origin, and their partial melting may be unrelated to the partial
melting of the metasediments.

Figure 9. Left, migmatite derived from partial melting of the metasediments. Right, migmatized
amphibolite.

5.1.7 Greenschist Facies Metamorphism
Rocks close to a major low-angle normal fault on the western margin of the complex
have undergone greenschist facies retrograde alteration characterized by chlorite and epidote
replacement of biotite, plagioclase, and garnet. The greenschist facies alteration is localized
along the fault. Metamorphic rocks away from the fault and the overlying Paleozoic rocks don’t
show signs of greenschist metamorphism.
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Figure 10. Photomicrograph showing chlorite (green) replacement of biotite (dark brown), sample
14BD23.

5.2 Textures
5.2.1 Mylonitization
Grain size reduction occurred where shear strains were high during ductile deformation,
producing a mylonitic fabric in much of the metasediment. S-C fabrics are common, however the
sense of shear shown by the fabric gives two opposing directions, which is likely the result of
widespread isoclinal folding. Porphyroclasts or porphyroblasts of feldspar and porphyroblasts of
garnet are common, and both sigma- and delta-tails are found around the porphyroclasts and
poryphyroblasts.
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Figure 11. Photomicrograph of a mylonite with sigma-tails and delta-tails surrounding K-feldspar
porphyroblasts with top-to-the-left sense of shear, sample 14BD32.

5.2.2 Quartz Recrystallization
Two types of quartz recrystallization are seen in both gneisses: grain boundary migration
and subgrain rotation. Grain boundary migration occurs at temperatures above 500°C, which
were reached during peak metamorphism (Stipp et al., 2002), while subgrain rotation
recrystallization occurs between 400 - 500°C and may have occurred during retrograde
metamorphism.
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Figure 12. Photomicrograph of sample 14BD57 showing porphyroclastic ribbon grains and recrystallized
subgrains of quartz. Subgrain rotation recrystallization occurs between temperatures of roughly 400 to
500°C (Stipp et al., 2002).
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Figure 13. Photomicrograph of Sample 14BD12 showing grain boundary migration recrystallization of
quartz. This type of recrystallization occurs at temperatures of ~500°C and above (Stipp et al., 2002).

5.2.3 Ultramylonites
Ultramylonite consisting mostly of fine-grained biotite occurs in metasediment units and
has a glassy outcrop appearance. These thin layers can easily be confused with pseudotachyllite,
which is commonly found at the base of mega-landslides. The ultramylonite either had a clayrich protolith or they are melanosomes that are enriched in biotite due to melt extraction. Sigma
and delta tails are common around occasional porphyroblasts of k-feldspar, and there is a well-

19

developed S-C fabric.

Figure 14. Photomicrograph of sample BD-WO15-01 showing its ultramylonitic texture. The delta tail in
this image and other shear sense indicators in this thin section show top-to-the-northeast shear.

5.2.4 Inclusion Trails
Inclusion trails are common within garnet porphyroblasts in the metasediments. The
inclusion trails appear to be foliated, but the foliation is not folded on the scale of the
porphyroblasts; suggesting that the porphyroblasts are pre- or syn-kinematic. The inclusion trails
represent a previous foliation or, in the case of the metasediments, possibly original sedimentary
layering. Foliation making up inclusion trails is commonly less deformed and has different
attitudes from one porphyroblast to another indicating that the porphyroblasts have been rotated
relative to one another. Most inclusions are rounded from resorption and the appearance of
foliation in the inclusion trails could perhaps be due to an orientation of preferred resorption
20

under differential stress. This pattern in the inclusion trails is generally at high angles to the
present foliation. Inclusions inside garnet sometimes exhibit triple junctions of a possibly
annealed metamorphic fabric.

Triple Junction

Figure 15. Photomicrograph of paragneiss sample 14BD53 showing triple junctions between inclusions
within a garnet porphyroblast.

5.2.5 Biotite Fish
Within metasediments, sigmoidal grains of biotite parallel the foliation (s surfaces) with
tails that bend in the direction of shearing along c surfaces. White mica fish are not seen.
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Figure 16. Photomicrograph of sample 14BD49 showing imbricated grains of biotite fish bound on the
top and bottom by c (shear) surfaces. The sense of shear is top-to-the-left.

5.2.6 Migmatization
Leucosomes and melanosomes within the metasediments are commonly parallel to the
dominant foliation. Where the foliation is folded, the leucosomes and melanosomes often are as
well, although leucosome veins sometimes crosscut foliation. Because the rock was partly
molten during migmatization shearing was likely enhanced as demonstrated by the formation of
a large number of sigma and delta tails. Occasionally leucosomes are bleb like instead of forming
foliation-parallel layers (Figure 17, right). Some amphibolites display disaggregated portions of
angular amphibole-rich screens floating in leucosome veins (Figure 17, left) which may relate to
in-situ partial melting according to Lee and Cho (2013).
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Figure 17. Left: Amphibolite with disaggregated melanosomes that could have formed during in-situ
partial melting (see Lee and Cho, 2013). Right: Migmatized gneiss with leucosome blebs.
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Figure 18. Photomicrograph of Sample 14BD57 showing migmatite with biotite melanosomes and quartzfeldspar leucosomes. The thin, wispy, angular texture of the biotite may suggest that it has undergone
some melting.
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5.3 Structural Analysis
5.3.1 Foliation
The majority of the metamorphic rocks are well foliated, although some of the
migmatites and orthogneisses have weak to no foliation due to a lack of phyllosilicate minerals.
The dominant foliation strikes NW-SE and dips 55° to the SW (Figure 19). This foliation is
folded on different scales from centimeters to perhaps kilometers as the result of parasitic folds
forming on the limbs of larger folds, which are in turn parasitic to larger folds. Measured fold
axes have a consistent orientation plunging ~38° to the northwest whether the scale of folding is
centimeters to tens of meters. The clustering of individual fold axes measurements around the pipole of foliation measurements from the whole complex confirms this.
The fold limbs tend to be isoclinal. These parallel limbs form the dominant foliation and
as a result of being parallel, upright and overturned limbs can’t be differentiated on a
stereograph. However, the short limbs of parasitic folds are often prevented from being isoclinal
by the interior of the fold hinge, as the short limb is not long enough to become parallel with the
other limb.
No sheath folding that progressed past slight warping of the foliation was observed.
Lineations are common and could easily be mistaken for mineral stretching lineations, however
they are produced by small scale folding of the foliation and trend and plunge the same as the
fold axes of the larger scale folds.
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Figure 19. Left: Stereograph of foliation plotted as planes, n = 136. Right: Poles to foliation planes (dark
blue) and measurements of fold axes (light blue, n = 58). The pole to the π-circle is the average fold axis
produced from all foliation measurements. Light blue dots are direct measurements of fold axes in
outcrop, which coincide with the pole to the π-circle. This is the result of fold axes having the same
orientation whether folding is occurring on wavelengths of centimeters or tens of meters or more.

Figure 20. Left: Looking down (north up) at parasitic, asymmetric folds which are likely part of one limb
of a larger parasitic asymmetric fold. Folded leucosomes dip to the SW and the axes of folds plunge to the
NW. Shoe for scale. Right: 3d reconstruction of folds. View of outcrop in left would be a horizontal cross
section through this model. Arrows on hinges show the directions of vergence.
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5.3.2 Sense of Shear
Asymmetrical folds verge 29° to the south below the horizontal and 29° to the north
above the horizontal (Figure 20). This vergence direction is calculated as being 90° from the fold
axis while parallel to the isoclinal limbs. These parasitic folds verge in the transport direction of
the individual fold they are found on, however transport was occurring in two opposite directions
parallel or subparallel to the shear zone boundaries. It is difficult to determine whether shearing
was top-up-to-the-north or top-down-to-the-south because each fold limb has many parasitic
folds on both sides of the hinge which have opposite shear sense (Figure 21). Attempting to
determine shear sense from the asymmetry of the host fold is futile because the host itself is a
parasitic fold on a larger asymmetric fold in a recursive pattern. The overall sense of shear is
essentially indeterminable without knowing the maximum wavelength of folding, and folding
may occur on wavelengths larger than the exposure available. Unfortunately, these large-scale
folds can’t be easily deduced from foliation
measurements across the complex because
foliation measurements vary locally due to
smaller scale folding.

Figure 21. Graphic of folded foliation and flow
direction. Asymmetric parasitic folds and other
shear sense indicators on opposing limbs of a fold
show opposite sense of shear. Each fold verges in
the direction of flow.
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5.3.3 Faults
We discovered several well-preserved exposures of a low-angle, basin-bounding normal
fault on the western margin of the Beaver Dam Mountains, which we call the Beaver Dam LowAngle Normal Fault (BDLANF). The footwall of the fault mostly consists of metamorphic rocks
and the hangingwall consists mostly of tectonically thinned Paleozoic sedimentary units (Figure
3). Polished and striated fault planes dip 17° to 50° to the west. Beneath the fault slip surfaces is

Figure 22. Index map of key areas along the BDLANF. A: Figures 23-28. Features include orphan block
of Tapeats Sandstone, cataclasite, greenschist alteration zone, springs. B: Figures 29-32. Features include
polished fault planes, cataclasite, greenschist alteration zone. C: Figure 33. Features include spring. D:
Features include orphan block of Tapeats Sandstone, cataclasite, greenschist alteration zone. E: Figure 34.
Features include orphan blocks of Redwall Limestone, greenschist alteration zone, springs. F: Figure 35.
Features include orphan block of Redwall Limestone and underlying units, greenschist alteration zone,
springs.
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a cataclastic damage zone with a greenschist facies metamorphic overprint up to tens of meters
thick. Beneath the cataclasite, greenschist alteration weaves through screens of unaltered
metamorphic rocks for another 200-300 m.
One of the best exposures of the damage zone of the BDLANF is beneath thin orphan
blocks of Tapeats Sandstone that are found overlying the fault. There is missing stratigraphy
above and below these blocks. For example, the basal portion of the Tapeats Sandstone, which is
a separate facies of reddish arkosic, quartz-pebble conglomerate and sandstone that
unconformably overlies the metamorphic rocks, is absent. Within the fault zone, a cataclastized
1.5-m-thick zone of distributed shear gradually mixes breccia and broken formation of tan
sandstone with underlying metamorphic rock (Figure 24). The base of the Tapeats Sandstone is
essentially conjoined and intermixed with the cataclasite, with no distinct slip surface separating
the two units.
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Figure 23. Sliver of Tapeats Sandstone at Reber Spring on the western margin of the Beaver Dam
Metamorphic Complex. The sliver overlies a cataclastic damage zone in high grade metamorphic rocks
with a greenschist facies overprint. The spring is located where the fault crosses Reber Wash.

Figure 24. Left: Damage zone of the fault at the base of the Tapeats Sandstone sliver in Figure 23. Right:
Close-up of epidote and chlorite veins in greenschist cataclasite. The Tapeats Sandstone transitions
gradually over ~1.5 meters into a cataclasite with a greenschist overprint. The cataclasite consists of
chlorite, epidote, k-feldspar, and quartz. The k-feldspar and quartz are originally from the high-grade
metamorphic rocks of the footwall of the fault and the Tapeats Sandstone in the hangingwall, while the
epidote and chlorite are altered minerals from these rocks that formed from fluid alteration along the fault.
The cataclasite also contains fragments of carbonate that could be broken and weathered calcite veins or
fragments of Paleozoic limestone. Directly above the transition zone are bedding parallel veins of calcite
with a vesicular texture possibly caused by the removal of weathered chlorite.
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Figure 25. Veins of quartz and
chlorite cutting through
brecciated quartz and feldspar
pegmatite near the top of the
cataclasite. These brittle
fractures are an analogue for the
greenschist facies alteration,
which is limited to a relatively
narrow damage zone beneath
the fault. Screens of unaltered
rocks are found between the
veins.

Figure 26. Pieces of
weathered calcite
or marble in the
greenschist
cataclasite. Large
veins of calcite that
are weathered in
places are found
more than 200 m to
the east of the fault,
deep within the
metamorphic rocks.

The tops of the Tapeats orphan blocks are bounded by polished fault planes created by
the fault stepping over the stranded blocks. After stepping over a block, the fault may become
steeper as it extends back down to the basal fault (Figure 28). This results in high-angle brittle
fault planes that terminate on a more ductile low-angle fault that doesn’t have a defined slip
surface, instead consisting of a cataclastic shear zone. Orphan blocks may be more common on
low-angle faults due to a larger amount of friction caused by slip with near vertical maximum
stresses.
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Figure 27. Photo taken from the top of the outcrop in Figure 23 looking south along strike of the
BDLANF. Note the sliver of Tapeats Sandstone. The fault becomes higher angle and bends westward at
the southernmost portion in this photo where it is partly exposed by mining exploration.

Figure 28. Intermediate angle fault bounding the upper part of the Tapeats hanging wall sliver. The fault
becomes steeper as it steps through and terminates the sliver, soling back into the basal fault.
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Figure 29. Left: Polished low-angle fault surface dipping 18° to the west with dip-slip slicken lines.
Right: Alternate view of the same fault surface (purple surface in the lower part of image) underlying a
block of Redwall Limestone.

Figure 30. Left: Polished, low-angle fault dipping to the west. Greenschist cataclasite is exposed beneath
the few centimeters of polished slickensided surface. Right: Greenschist cataclasite where the polished
fault surface has been stripped away.
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The BDLANF turns nearly 90 degrees just north of Welcome Springs. This bending is
not topographically controlled, however, it could be the result of corrugation of the low-angle
fault, or it could be a transfer zone stepping the fault westward to avoid the strong orthogneiss
body. Whatever the cause, the low-angle fault is well delineated here by an E-W trending orphan
block of Tapeats Sandstone with underlying cataclasite and greenschist alteration.
Several springs are found along the surface trace of the fault, fed by fluids moving along
the damage zone of the fault (Figure 33). These fluids were important during faulting as
demonstrated by the anastomosing nature of the greenschist alteration, which contains screens
where the footwall is unaltered. The entire footwall was likely deep enough to be at a
temperature where greenschist alteration could occur, however this alteration only occurred
where hydrothermal fluids were available along faults and fractures. Post-faulting and after a
significant amount of erosion, fluids are still moving along the damage zone of the fault creating
springs at the surface. Tufa is present around the margins of some of the springs (Figure 33).
A northeast-dipping normal fault has offset much of the metamorphic complex by a small
amount (Figure 35), which we refer to here as the Welcome Springs Fault. This fault crosscuts
the low-angle normal fault with an offset of ~160 m near Welcome Springs. This crosscutting
relationship reveals that Welcome Springs Fault is younger than the BDLANF. Displacement
along the fault decreases away from Welcome Springs. It cuts across the low-angle fault once
again 4 km to the northwest, where it causes a visible lineament, however there is little
discernible offset. Similarly, displacement appears to be insignificant 4-5 km to the southeast
where the Welcome Springs Fault reaches Paleozoic rocks on the southern portion of the
pericline. Welcome Springs is likely close to the center of the fault, where the most displacement
is observed.
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Figure 31. Fault rock found in several locations underlying the cataclasite. This rock has a fine-grained
matrix, lacks foliation, and has a greenschist mineral assemblage of chlorite, biotite, and euhedral
feldspar.

Figure 32. Fault planes in red (n = 48) with slickenlines plotted as black arrows (n = 28). The low-angle
fault mainly experienced ductile and cataclastic deformation which did not produce polished fault
surfaces such as these, however in q-domains and in places lacking fluids fault planes could develop and
would have become more prevalent during later stages of exhumation when deformation was increasingly
brittle. The dips of most of these faults range between 17° and 30°.
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Figure 33. Top: Springs along the surface expression
of the BDLANF. Left: Tufa on the margin of a spring.
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Figure 34. Photomicrograph of sample 14BD3 showing heavy alteration of footwall metamorphic rock
250 m from the surface expression of the fault. Very fine-grained white micas have replaced the
preexisting biotite. Porphyroblasts of what may have been feldspar have been replaced with sericite and
epidote. Dark fine-grained material in p-domains is possibly graphite. Quartz veins cut across the
foliation. Inset: photo of thin section billet showing the extensive replacement of minerals with chlorite
and epidote.
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Figure 35. Top: Arrows point to the
surface expression of a northeast dipping
normal fault (Welcome Springs Fault) that
offsets the BDLANF and most of the
metamorphic complex. This fault has a
maximum offset of about 160 m near
Welcome Springs. Arrows are used
instead of fault symbology for ease of
visibility.
Left: Fault dipping 35° to the northeast
displacing bands of metamorphic rock and
pegmatite at Welcome Springs. Marker
horizons are difficult to determine with
certainty due to visual similarity between
different layers and deformation of those
layers due to partial melting and ductile
deformation. This fault may be synthetic
to the larger Welcome Springs fault above.
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5.3.4 Soft-Sediment Deformation
Intense, formation-wide soft-sediment deformation is found within the Mississippian
Redwall Limestone. Chert bands are disarticulated and folded into isoclinal and recumbent folds
that mostly verge to the west (Figures 36 and 40). The limestone matrix around the chert bands
shows no brecciation, fracturing, or recrystallization indicating that the deformation must have
occurred before cementation of the limestone. Hintze (1986) noticed these signs of soft-sediment
deformation, describing “swirled patterns of originally horizontally-bedded chert” and called the
Redwall Limestone “unusually malleable tectonically… deforming plastically under stress and
then rehealing into massive limestone blocks”, but he gave no explanation for why this brittle
limestone was able to deform ductily and then subsequently solidify entirely at low temperature.
Bedding attitudes within the Redwall Limestone vary dramatically in dip and even
overturn, but this deformation is largely intraformational. The Redwall Limestone is back-rotated
and structurally thins to the east, while the overlying Callville Limestone and the Muddy Peak
Dolomite beneath the glide plane are undeformed (Figure 38). The fact that the deformation is
intraformational and sandwiched between undeformed layers is a characteristic of soft-sediment
deformation and incompatible with brittle deformation caused by faulting or landsliding.
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Figure 36. Short wavelength, isoclinal folding of chert bands in the Redwall Limestone. This folding
occurred without fracturing of the lime matrix, indicating that it happened prior to limestone cementation.
Ductile deformation involved granular flow of uncemented grains, which produced asymmetric and
parasitic “Christmas tree” folding similar in appearance to the folds created by crystal-plastic deformation
in the metamorphic rocks. Soft-sediment deformation may also explain some of the irregular thicknesses
of the sedimentary units in the Beaver Dam Mountains and the low-angle detachment surfaces found
between them, which were originally interpreted as brittle low-angle faults.
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Figure 37. Flow fabric within the
Redwall Limestone. The lime
matrix is not fractured where chert
bands are offset. However, there is
brecciation and fracturing within
the chert suggesting that it was
partly cemented before the
deformation. Lime mud has flowed
into and likely assisted in
dismembering the chert bands.

Figure 38. Looking southeast at back-rotated beds of limestone that terminate on a low-angle slip surface
between the Redwall Limestone and the Devonian Muddy Peak Dolomite. The overlying Callville
Limestone and the underlying Muddy Peak Dolomite are undeformed. This slip surface was domed by
folding during the Cordilleran Orogeny causing it to dip back to the east in this part of the pericline. Red
box shows location of Figure 40.
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Figure 39. Soft-sediment
slip surface between the
Redwall Limestone and
the Muddy Peak
Dolomite. Chert bands
are disarticulated, but
the lime mud matrix
displays no brittle
deformation along the
slip surface or
throughout the
hangingwall of the slide.

Figure 40. Ductile recumbent folding in the Redwall Limestone is bounded above and below by ductile
glide planes that do not represent original bedding.
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6. Discussion
6.1 Metamorphic Evolution
Evidence is seen for three different planar surfaces in the metamorphic rocks. S0, or
original sedimentary layering might be visible as inclusion trails in garnets, or perhaps as the fine
compositional banding of p- and q-domains in the paragneisses. Next, S1 formed during
metamorphism, which was then was folded into isoclinal folds due to high shear strain during the
last metamorphic event. S2 represents the foliation that formed during folding, which is parallel
to the long limbs of the isoclinal folds. In places S2 developed in fold hinges oblique to the
folded S1 (Figure 41). The maximum stress was the same orientation as S1 was being folded and
as S2 formed, each occurring during the same event of deformation.
Preserved mineral assemblages of biotite + quartz + feldspar + plagioclase ± garnet ±
sillimanite in the paragneisses record at least amphibolite facies metamorphic conditions. The
presence of sillimanite, the high temperature aluminosilicate polymorph indicate that
temperatures were within the range of upper-amphibolite to granulite facies. Additionally, biotite
with red pleochroism is observed in thin sections which were collected within migmatized zones
next to the orthogneiss (Figure 16). Red pleochroic biotite has been observed in different
metamorphic terrains where it progresses from brown to red with increasing metamorphic grade
and higher temperatures (Hayama, 1959). In the case of the migmatized amphibolites,
temperatures of 750-900°C (Wyllie and Wolf, 1993 and López, S., and Castro, A., 2001) are
necessary for dehydration reactions to occur.
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Figure 41. S2 foliation along the hinge of an asymmetric fold. S2 is parallel to the long limbs of folds
before they begin turning toward the hinge, and in places S2 is present within the fold hinges, oblique to
the folded foliation. S1 is parallel to the compositional banding.

Amphibolite facies rocks with mylonitic fabrics are common in subduction and
collisional settings as seen in metapelites of the Kootenay Arc of the southeastern Canadian
Cordillera (Moynihan and Pattison , 2013) as well as in the collision of the Northeast Japan Arc
and the Kuril Arc in Hokkaido, Japan (Iwasaki et al., 2004). Whitmeyer and Karlstrom, (2007)
interpret the Yavapai Province as juvenile arc crust that may represent offshore collisions of arcs
before accretion as observed in the Banda Sea region of the Indonesian Archipelago where
marginal basins are subducted that cause arc-arc collisions, emplacement of ophiolites, and
protocontinents consisting of amalgamated arcs (i.e. Harris, 2003 and 2006). Collisions in this
region are happening at a variety of orientations, but eventually all of these landmasses will
accrete to the converging continental edges of SE Asia and Australia. The active collision of SE

44

Asian arc terranes with the northern margin of Australia (Harris, 2011) is similar to the proposed
offshore collision of Yavapai arcs before accretion with the Archean craton of Laurentia.
The protolith of the metasediments in the Beaver Dam Mountains could have been arc
derived or from the passive margin of a nucleating continent. A backarc setting is also possible
as backarc extensional basins account for wide areas within island arc archipelagos and possess a
high geothermal gradient that may in fact be necessary as a heat source for Barrovian
metamorphism to occur during collision (Hyndman, 2019).
Can the metamorphic fabric of the Beaver Dam Complex help constrain the plate
kinematics of the collision zone responsible for metamorphism? If we assume no major vertical
axis rotations in the Beaver Dam Complex since it formed, then sense of shear, vergence and
flow directions provides a way to speculate about the Early Proterozoic tectonic relations. Fold
asymmetry in the metamorphic rocks (Figure 42) has a consistent orientation with folds verging
to the S-SW (198° mean direction) and to the N-NE (018° mean direction).
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Figure 42. Vertical cross section of S1 foliation with isoclinal fold pattern. Folds verge in the direction of
transport, ~29° above or below the horizontal. Rotation of the long limbs of the folds cause them to
become subparallel to shear zone boundaries (c-surfaces).

The long limbs of the asymmetric folds are parallel to S2, which in a collisional shear
zone would have formed dipping the same direction as the shear zone but at a higher angle
(parallel to the long axis of a shear strain ellipse), then rotated with increased shearing during
isoclinal folding to become subparallel with the shear zone. This deformation pattern suggests a
shear zone with a similar strike as S2, and a similar or possibly shallower dip. S2 dips to the
southwest at about 60°, indicating a southwest dipping shear zone. Fold vergence shows oblique
north-south shearing. In the case of a collisional shear zone, the sense of shear would be top-tothe-north-northeast. Sense of shear indicators in the field often give an apparent top-to-the-east
sense of shear as a result of being cut by E-W joints and drainages. A southward directed
collision would cause top-to-the-north shearing, and oblique shearing could be found along
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transpressional margins. This collisional geometry fits with the accretion of island arcs onto the
northern Archean provinces of the preexisting Laurentia Craton because the young, less dense,
buoyant island arcs would be unlikely to subduct beneath the cold, dense Archean continent.
Alternatively, the shear zone may have formed during an arc-arc collision before accretion with
Laurentia.
Following metamorphism, there is no evidence of any regional deformational event that
affected the metamorphic rocks, or the Paleozoic cover sequences above them, until the
Cretaceous Cordilleran Orogeny (Nelson et al., 2002). The metamorphic rocks were exposed at
the surface after long and widespread Neoproterozoic continental denudation associated with the
Great Unconformity (Peter and Gaines, 2012), then sat beneath the continental shelf that
developed following opening of the Panthalassa Ocean (Goodge et al., 2008). During the
Cordilleran Orogeny the basement and cover units were uplifted into a pericline. The
metamorphic complex forms the bulls eye of the pericline, which is the least rotated by the
folding. The Beaver Dam Mountains occupy the easternmost part of the thrust sheet, which is
likely to have no additional thrusts beneath it.
Ubiquitous migmatization increases toward the orthogneiss. The presence of two micas
suggest that the orthogneiss and the associated pegmatites and leucogranites are peraluminous Stype granites, which arose from the partial melting of sediments or metasediments.
It is difficult to determine without additional data whether the orthogneiss occurred in
situ, and is the result of the migmatization, or if it originated in some other setting. The size and
homogeneity of the orthogneiss argues that it is likely a metamorphosed pluton. The foliation of
the metasediments does not vary in proximity to the orthogneiss, but this does not rule out
intrusion, as emplacement could have occurred before or while shearing was ongoing. Most of
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the leucogranites and pegmatites are parallel to and folded with the S1 foliation, however some
crosscut the foliation and may represent a late stage of syn-kinematic migmatization.
Because the orthogneiss has less mica than the metasediments, it acted as a strong qdomain while strain was primarily distributed to p-domains of the metasediments. This may
partly explain why the orthogneiss lacks a prevalent foliation, although there was likely not
enough mica for a well-developed foliation to form, regardless of the partitioning of strain.
6.2 Soft-Sediment Deformation
Soft-sediment deformation observed in the Mississippian Redwall Limestone indicates a
catastrophic, gravity driven deformational event accommodated by ductile granular flow. The
termination of steep Mississippian beds on the subhorizontal Devonian Muddy Peak Dolomite
marks the location of a detachment horizon, as observed in Figure 38. The low angle of this
detachment surface suggests that it may be a glide plane, along which the slide hydroplaned.
This glide surface was bowed by folding with the rest of the sedimentary units during the
Cordilleran formation of the Beaver Dam Pericline, discussed in the next section.
The Nopah Dolomite and Muddy Peak Dolomite thin to the west, which would have been
roughly downslope on the passive margin (see map from Biek et al., 2010). At Castle Cliff
(Figure 1), a glide surface is present beneath the Redwall Limestone where it overlies the
Bonanza King Formation (Figure 49). This may be the same glide plane discussed above perhaps
cutting downward through the Muddy Peak Dolomite and Nopah Dolomite, causing them to thin
westward. These formations are not present at Castle Cliff. This detachment is discussed in more
detail in the Castle Cliff section of this thesis.
The cause of the soft-sediment deformational event is unknown, although the Antler
Orogeny was active from the late Devonian into the Pennsylvanian (Beranek et al., 2016), and

48

earthquakes from this orogen may have acted as a trigger. However, many examples of such
slides exist on current passive margins with little to no major seismic events, such as those
imaged offshore the West African passive margin (i.e. Peel, 2014).
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6.3 Thrust Faulting
While doming from isostatic rebound would be the simplest explanation for the largescale structure of the Beaver Dam Mountains, several observations suggest that thrusting was
primarily responsible for the formation of its periclinal geometry. In the northern portion of the
pericline, the Square Top Mountain thrust overrides the tilted beds of the Beaver Dam Mountains
(Figure 43) which must have been previously folded, indicating that folding is associated with
thrusting and not with later isostatic adjustment from Basin and Range extensional exhumation.
On the east side of the pericline, along the “Reef Reservoir Fault”, the Kaibab Formation is
structurally higher than the Chinle Formation resulting in more than 800 m of apparent throw.
This juxtaposition is caused by the structure arising from the Grand Wash Fault cutting through
the Beaver Dam Pericline, which is discussed below (Figure 59). Southeast of Castle Cliff, the
Bonanza King Formation is thrust over itself in an out-of-sequence, intra-periclinal thrust, which
has been mapped as a low-angle normal fault. However, the fault brings the lower section of the
Bonanza King Formation to within 100-200 m of the top of the formation. On the northern limb
of the pericline, east-west strike slip faults folded Permian through Triassic Formations around
steep fold axes likely acting as accommodation faults for eastward-vergent thrusting. To the east,
the Beaver Dam Mountains pericline transitions into the Shivwits Syncline, which may represent
the transition from the forelimb of one thrust to the backlimb of another as the thrust sheets
contort above ramps and flats in the decollement. Together, the Beaver Dam Mountains and
Virgin Mountains form a large arcuate thrust salient that is bowed in the direction of eastward
thrusting. This salient is found on the southwest corner of the larger bow of the Sevier thrust
front which is the combined result of many such salients.
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Figure 43. Left: Square Top Mountain Thrust overrides the tilted beds of the Beaver Dam Mountains
Pericline, which must have folded previously during thrusting and not formed by isostatic rebound during
Basin and Range extension. Right: Trace of the arcuate structure of the Beaver Dam Mountains and
Virgin Mountains, two periclines which together form a thrust salient.
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6.4 Extensional Faulting
6.41 Low-Angle Normal Faulting
Shallow-dipping polished fault surfaces with an underlying cataclastic damage zone tens
of meters thick, an alteration zone hundreds of meters thick, and younger formations in the
hangingwall of the fault are evidence of low-angle normal faulting in the Beaver Dam
Mountains. An extensional basin now exists in the hanging wall of the BDLANF, and in places
bedrock fragments of the hanging wall are still present. It is possible that significant rotation of
these planes to a low-angle has not occurred, as the forelimb of the Beaver Dam Mountains
pericline dips similarly to that of its sister pericline in the Virgin Mountains, which is a similar
size, distance east, part of a larger arcuate structure with the Beaver Dam Mountains, in the same
position on the margin of the Basin and Range, and associated with basin bounding high-angle
faulting.
Low-angle normal faults remain controversial. However, more recently, earthquakes are
recorded on low-angle normal faults (Abers, 2001). Active low-angle normal faults have been
observed with seismic profiles, borehole data, microseismicity, and gps velocities in the
Apennine Mountains (Collettini, 2002; Hreinsdóttir and Bennett, 2009; Brozzetti, 2011), as well
as through focal mechanisms in rapidly extending rifts (>10 mm/yr) such as the Woodlark and
Aegean rifts (Abers, 2001). The mechanisms of low-angle faulting are still not well understood,
with some explanations including shallowing of listric normal faults as they near the brittle
ductile transition (Lister and Davis, 1989), rotation of stress axes due to extreme topography
(Abers et al., 1997), high porefluid pressures (Will and Buck, 1997), and high shear stress
imposed on the upper brittle crust from lower-crustal ductile flow (Westaway, 1999; Will and
Buck, 1997).
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It is unlikely that the cataclastic damage zone and alteration zone were formed by
landsliding because although landslides can reach temperatures high enough to form thin layers
of pseudotachylite, these high temperatures are the result of friction during high velocity
displacement along thin, localized planes of deformation. Most deformation in landslides takes
place within centimeters to meters of a basal slip surface (Ter-Stepanian, 1965; Keefer and
Johnson, 1983; Baum and Johnson, 1993). The Heart Mountain Slide, one of the largest
terrestrial slides known, has basal deformation consisting of ultracataclastic carbonate material a
few centimeters thick (Malone, 2017). Deformation in the Markagunt Gravity Slide, another of
the largest slides known, is described as prominent planar shear above a thin basal breccia
(Hacker et. al, 2014). Above this slide plane, rocks are sheared or intensely brecciated for up to 4
m, and nearly everywhere, rocks immediately below the Markagunt slide blocks are undisturbed.
Reports of hydrothermal alteration that occurred during landslide events are almost
nonexistent. Alteration minerals such as zeolites, illite, and chlorite are found in the carbonate
ultracataclasite of the Heart Mountain Slide, and magnetite was recrystallized, suggesting
temperatures in excess of 575 °C (Craddock et al., 2009), but alteration is not described beneath
this 1-3 m thick basal surface. For the Markagunt Gravity Slide, the extent of slide-related
hydrothermal alteration is not yet well understood, though reduced iron minerals have been noted
in places (Bob Biek, personal communication). The Heart Mountain and Markagunt events are
extreme endmembers in terms of size and speed of emplacement and neither has cataclasite or
alteration zones as thick as those seen in the Beaver Dam Mountains.
The outcrops shown in Figures 23-26 gives a clear cross section of the damage zone of
the fault. It is evident that there is no well-developed slip surface, although one could likely have
formed given the contrast in strength and mechanical properties between the phyllosilicate rich
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metasediment and the strong, quartzose Tapeats Sandstone. Instead there is a shear zone of
mixed cataclastized material. There is a spring at the base of this outcrop, formed by fluids
moving along the damage zone, as well as a dozen or so more springs continuing along the
surface trace of the BDLANF, discharging from the damage zone of the fault. Where the fault
steps over the slivers of hanging wall Tapeats Sandstone, and in q-domains in the metamorphic
rocks it forms polished fault surfaces as shown in figures 28-30.
The Mesquite Basin is one of the deepest basins in the Basin and Range with some
interpretations of seismic data showing the basement rocks to be offset 10-15 km (Blank and
Kucks, 1989). However, this basin shallows significantly to the north near the Beaver Dam
Mountains as shown by gravity and aeromagnetic anomaly maps (Blank and Kucks, 1989). This
shallowing may be due in part to a smaller amount of slip, but it may also be due to a transition
to low-angle normal faulting. The Virgin Mountains in the footwall of the Mesquite basin have a
very similar geologic setting to the Beaver Dam Mountains, they are only 30 km away, and
expose a core of Precambrian basement rock with the same overlying stratigraphy. However,
there is much more topographic difference and a steeper slope between the mountains and the
basin in the Virgin Mountains than in the Beaver Dam Mountains. Additionally, the gravity and
aeromagnetic anomalies show greater anomaly lows in the basin near the Virgin Mountains with
steeper gradients moving from the basin across the fault into the footwall, which increase by 3
mGal/km in the Virgin Mountains compared to 2.5 mGal/km in the Beaver Dam Mountains. The
basin ends 20 km north of the Beaver Dam Mountains, where north-south extensional faults with
any significant offset are no longer found. Here, extensional deformation may be taken up by the
Gunlock Fault to the east. If this is the case, it is possible that some back-rotation of the Beaver
Dam Mountains could have occurred, causing the angle of the basin bounding fault to become
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lower. However, the Beaver Dam Mountains do not appear to have been obviously rotated
relative to the Virgin Mountains, which have a high-angle basin bounding fault.
The stratigraphic column published by the Utah Geological Survey (Biek et al., 2010),
shows a minimum of ~5800 m and a maximum of ~9800 m of stratigraphy above the
metamorphic rocks extending to the top of the Paleocene-Eocene Claron Formation. Apatite and
Zircon (U-Th)/He thermocronometry by Bidgoli et al. (2015), using samples from Precambrian
gneiss and Paleozoic to Jurrassic siltstones and sandstones in the footwall of the BDLANF,
indicates a pre-extensional geothermal gradient of 23-31 °C/km. For these gradients, a depth of
8-13 km is required for greenschist facies metamorphism given onset temperatures of 250-300
°C. This depth is approximately the same as the brittle-ductile transition zone, where high
confining pressure increases the brittle strength of rocks, making them difficult to fracture, and
higher temperatures decreases their ductile strength allowing for the onset of crystal-plastic
deformation. Crystal-plastic deformation, however, does not begin to dominate in quartz rich
rocks until 300° - 400° C when bulging and subgrain rotation recrystallization begin in quartz
(Fossen, 2017).
The initial thickness of the sedimentary deposits could have been enough to reach 250300 °C, but the thickness of the section was likely increased by thrusting, as observed in the
Square Top Mountain Thrust just 25 km north of the metamorphic rocks where Pennsylvanian
strata overlie tilted Jurassic beds in the forelimb of the Beaver Dam Mountains Pericline.
Additionally, a thrust fault would serve as a preexisting weakness that could have been
reactivated as a low-angle normal fault, which would alleviate the mechanical difficulties of the
initial formation of a low-angle shear zone.
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The Square Top Thrust cuts through the already folded forelimb of the pericline, which
means that it occurred out-of-sequence, after the pericline had formed. A smaller out-ofsequence thrust is also found a few kilometers south of Castle Cliff where there is an
intrapericlinal thrust in the Bonanaza King Formation. The Piedmont Fault, the basin bounding
fault of the Mesquite Basin, curves eastward and becomes low-angle when it reaches the Beaver
Dam Mountains pericline in the vicinity of this out-of-sequence thrust. These out-of-sequence
thrusts may have bound the western margin of the present day range, and reactivation of these
faults could explain why the basin bounding fault is low-angle in the Beaver Dam Mountains but
not in the Virgin Mountains, if the Virgin Mountains did not experience similar out-of-sequence
thrusting.
It is possible to misconceive of the brittle-ductile transition zone as a flat surface above
which rocks fracture and beneath which they flow ductily. In actuality, this is the strongest part
of the crust due to confining pressures, and it is the locking and rupture depth of many
earthquakes. The zone where ductile flow becomes possible is highly dependent on composition,
the presence of fluids, the pore pressure of those fluids, and strain rate. These variables explain
how with interlayered rocks some are deforming in a brittle manner and others are ductile at the
same depth.
Rocks in the footwall of the low-angle normal fault outside of the damage zone don’t
have a greenschist overprint or a ductile deformation fabric, with the exception of the
Precambrian metamorphic fabric. This absence is consistent with temperatures less than that of
quartz, feldspar, calcite, or dolomite recrystallization, although different compositions could still
be deforming ductily under the right conditions. Close to the fault, chlorite, sericite, and epidote
alteration occurred (Figure 34), minerals that are stable under greenschist facies conditions. This
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alteration is constrained to within close proximity of the fault by the availability of fluids to drive
reactions and the presence of minerals in the footwall metamorphic rocks that can yield
greenschist assemblages (biotite, garnet, k-feldspar, plagioclase). It is likely that ductile
deformation occurred along phyllosilicate rich layers (P-domains), or that a phyllosilicate rich
gouge developed at the base of the fault, with plastic deformation occurring by intergranular
flow. However, metamorphic fabrics associated with low-angle shearing have not been observed
in outcrop. Being a weak layer of ductile shear, it is possible that there would be a lack of
exposure, but if a metamorphic fabric developed it must have been relatively thin (<100 m)
because exposed footwall rocks within the greenschist alteration zone have foliations that are
indistinguishable from those of the rest of the metamorphic complex. Ductile shear strain along
the fault would later be overprinted by brittle cataclasis as pressures and temperatures decreased
with exhumation.
Carbonate (Figure 26) within the cataclasite suggests CO2 rich fluids were present along
the fault zone, and pervasive quartz and chlorite veins reveal that pore fluid pressure was high.
Within the zone of greenschist alteration are screens where alteration has not taken place,
presumably because of a lack of fluids. Within these screens, grains of biotite are still relatively
fresh, feldspars aren’t sericitized or replaced with epidote, and garnet is not retrograded.
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Figure 44. Chlorite replacement of biotite along foliation planes. Fanny pack for scale.

The exhumation of metamorphic basement rock by low-angle normal faulting brings
about the question of whether the Beaver Dam Mountains are a metamorphic core complex. One
common characteristic of core complexes is doming as the result of isostatic adjustment and the
intrusion of granite at depth due to decompression melting. This results in a bowed detachment
with the detachment dipping in the opposite direction on the backside of the metamorphic
complex, commonly with multiple back-rotated hanging wall fault blocks that sole into the
master detachment fault. The Beaver Dam Mountains lack a bowed detachment, as well as fault
blocks on the backside of the metamorphic complex. There is also no evidence for syn-extension
partial melting and granitic intrusions. In addition, the consistent fabric in the metamorphic rocks
indicates that they have not been domed to a significant degree. The detachment faults that
exhume core complexes have lineated and foliated tectonites that are .1-4 km thick, but no
foliations or lineations distinct from the Precambrian fabric are observed. The Beaver Dam
Mountains do exhibit some similarities to core complexes, however labeling the BDLANF as
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part of a core complex is misleading because it brings to mind the features outlined above that it
does not possess.

6.42 Hangingwall Blocks
6.42.1 Isolated Blocks of Redwall Limestone
South of Welcome Springs, the low-angle normal fault is bounded by a west dipping
hanging wall sliver of Redwall Limestone similar to the slivers of hanging wall Tapeats
Sandstone described previously. West, or basinwards of this sliver, is over a dozen more Redwall
Limestone blocks that have a contrasting dip to the northeast. The west-dipping sliver strikes
parallel to the fault and follows its curvature, while the northeast dipping blocks structurally
overlie the west-dipping sliver and don’t conform closely to the curvature of the fault. These
blocks have been interpreted as landslides, with the claim being primarily based on them having
overridden what is interpreted as the Tertiary Muddy Creek Formation (Biek et al., 2010). The
Muddy Creek Formation consists of basin fill sedimentary deposits. However, in the Beaver
Dam Mountains, this unit beneath the limestone in the blocks contains no metamorphic clasts, so
the basin would have to have formed before final exhumation of the metamorphic rocks. No
fossil or radiometric ages have been obtained from these rocks in the Beaver Dam Mountains to
identify them as Tertiary.
This unit underlying the Redwall Limestone in the blocks contains subangular clasts and
cobbles of sandstone and limestone with some sand filled channel scours (Figure 46). Closer
investigation reveals a depositional contact with the overlying Redwall Limestone. The outcrop
in Figure 45 displays a small normal fault that offsets the Redwall Limestone and the underlying
unit by ~8 m. Where there has been displacement between the Redwall Limestone and the
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underlying unit there is a readily apparent damage and gouge zone (Figure 47), but away from
the fault contact there is no evidence of deformation between these two units. In fact, many clasts
are seen “embedded” within the lime mud at the base of the Redwall Limestone (Figure 48).
This sedimentary unit may represent an erosional channel on the continental shelf, or it
may be breccia that formed during the soft-sediment deformational event that became rounded
during transport. The Muddy Peak Dolomite, Callville Limestone, Pakoon Dolomite, and
Queantoweap sandstone are possible sources for the sandstone clasts. A similar basal
conglomerate in the Redwall Limestone has been observed in the Grand Canyon in at least six
locations, where it consists largely of angular blocks of Devonian limestone up to 40 cm across
with subangular pebbles of quartzite, chert, and sandstone (McKee and Gutschick,1969).

Figure 45. Contact between the base of the Mississippian Redwall Limestone and a unit previously
interpreted as the Tertiary Muddy Creek Formation. A down-to-the-southeast normal fault offsets the two
units.
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Figure 46. Unit underlying the Redwall Limestone contains subangular sandstone and limestone cobbles
and occasional sand filled channel scours.

Figure 47. Damage and gouge zones along the SE dipping normal fault. Fine-grained gouge has
developed along the top of the conglomerate and the base of the Redwall Limestone is brecciated.
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Figure 48. Looking up at the bottom of the depositional contact between the Redwall Limestone and the
underlying conglomerate away from the fault. There is no deformation between the two units, and clasts
and cobbles of the conglomerate are draped over by limestone at the contact.

As this contact is depositional, if these blocks are landslides then the slide surface must
be somewhere further below. The obliquity of these Redwall Blocks with the Redwall hanging
wall slivers may suggest a separate slide origin, but it is worth noting that there is normal
faulting parallel to these blocks to the north (Figure 1). These faults offset the Moenkopi and
Chinle formations causing them to be repeated in map view several times, in some cases leaving
isolated blocks similar to those of the Redwall. These normal faults are parallel to and near the
larger Pahcoon Flat Fault which juxtaposes Triassic units over Permian units. This extension is
directed towards the southwest, at an angle to the basin margin. What caused this deformation is
unclear. These normal faults resemble the domino faulting that occurs in the hanging wall above
a detachment fault, and if the Redwall blocks are interpreted as rotated blocks in a hanging wall,
then domino faulting is found on opposite sides of the metamorphic complex as occurs in
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detachment faulting. However, offset on these faults disappears over a few kilometers eastward
and the faults are truncated to the west by the basin bounding BDLANF. This southwest
extension must have occurred before the more east-west directed extension, which could explain
the obliquity of the Redwall blocks with the low-angle normal fault slivers.
Another possibility is that the blocks were isolated and rotated during soft-sediment
deformation (Peel, 2014). The area containing these blocks and extending to Castle Cliff (Figure
1) and Tabeau Peak in the south may simply be uneroded hangingwall, left unburied by a smaller
amount of extension than what occurred in the Mesquite Basin. Alternatively, this area could be
a large orphan fault block left behind as the basin bounding fault has jumped westwards. The
low-angle of the fault could have become unsustainable with increasing exhumation and
decreasing temperatures, or weak units acting as slip surfaces may have become attenuated.
However, this area may be too large to be an orphan block along the fault, and no fault is
apparent bounding its western side.
It may be a coincidence that the Redwall blocks are parallel to the domino faulted blocks
in the north, as they are oriented towards the central and highest point of the range from which
they could have slid. However, a significant amount of erosion has occurred in the highlands
from which these blocks would have originated, as an estimated 3-4 km would need to be
restored before the Redwall Limestone would be in a position to slide over the central high of the
metamorphic complex. If this much erosion has occurred in the highlands, then it is difficult to
explain why the slide blocks still remain and haven’t been eroded as well, though the highland
may have been eroding at an increased rate due its topography. The Redwall limestone tends to
form the front of the range as the most resistant unit, so it is unlikely that there was much
overlying rock that shielded the slide blocks from erosion. Conversely, if these blocks are part of
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the hangingwall of the BDLANF then it would be expected that there would be overlying
stratigraphy to protect from erosion.
In addition, the highland is tilted to the east, which increases its stability. However, faults
or dissolution, which are common in the Redwall Limestone and form thousands of collapse
structures and solution collapse breccia pipe ore deposits in Northern Arizona, could create
mechanical instabilities. The Apex Mine in the Beaver Dam Mountains is interpreted as a
solution collapse breccia pipe deposit, but it is not known whether it extends down to the
Redwall Limestone. Few other dissolution features have presently been recognized.
6.42.2 Castle Cliff
Castle Cliff (Figure 1) has been interpreted either as a zone of attenuating low-angle
normal faults known as the Castle Cliff Detachment or as a modern landslide deposit by previous
researchers (Wernicke and Axen, 1988; Anders et al., 2013; Bidgoli et al; 2015). Mississippian
and Pennsylvanian rocks rest on top of the Tapeats Sandstone or Bonanza King Formation,
omitting the Muddy Peak Dolomite, Nopah Dolomite, and Bright Angel Shale, while the
Bonanza King Formation is severely thinned to absent in places. There is a prominent, distinct
detachment surface beneath the Redwall Limestone where the formation truncates at angles on
the underlying Bonanza King Formation or Tapeats Sandstone (Figure 49).
To the northwest, the low-angle normal fault strikes towards Castle Cliff as shown by
Redwall Limestone hanging wall slivers curving to the southeast (Figure 1). To the south, the
trace of the basin bounding fault of the Mesquite Basin and Virgin Mountains is quite clear and
runs toward Castle Cliff, evidenced as a thick zone of breccia in the Bonanza King footwall
south of Castle Cliff. This thick zone of breccia within the Bonanza King Formation is also
present at Castle Cliff (Figure 52), although the exact location of the fault is not obvious.
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The transition to lower-angle faulting occurs within a few kilometers to the south,
between the Virgin River Gorge and Castle Cliff. At Castle Cliff the plane of faulting must be
quite low angle, as the metamorphic rocks and hence the footwall of the fault extend westward
for much of the length of Castle Cliff. The transition to lower angle faulting in this vicinity may
be due to the southern plunge of the pericline here, which brings the westward dipping Bright
Angel Shale from the back limb of the pericline level with the low-angle faulting observed to the
northwest. This geometry could allow the weak Bright Angel Shale to act as a slip surface due to
its convenient level and orientation. The use of this weak, ductile layer as a slip surface would
explain the lack of increase in the density of microfractures as found by Anders et al. (2013).
However, after some extension the Bright Angel Shale may have become attenuated leading to
the juxtaposition of stronger units and perhaps causing the extensive brecciation that is present
within the Bonanza King Formation.
The detachment surface beneath the Redwall Limestone marks a stark contrast in
deformation styles (Figure 50). Beneath it, the Bonanza King Formation is cataclastized for
several tens of meters. Immediately at the detachment signs of brittle deformation disappear and
soft-sediment deformation becomes prevalent. The underside of the detachment commonly
forms overhangs, however no slickensides or other kinematic indicators are seen. This
detachment represents a glide plane of the soft-sediment deformational event, and secondary
soft-sediment slip surfaces are present that sole into this basal detachment (Figures 49 and 51).
The Redwall Limestone is back rotated along these secondary slip surfaces, causing it to truncate
at angles on the underlying Tapeats Sandstone or Bonanza King Formation as mentioned
previously. The abrupt termination of brecciation of the Bonanza King Formation beneath this
surface suggests that the brecciation of at least the uppermost portion of the formation happened
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previously to or in association with the soft-sediment slide. During sliding, the Bonanza King
Formation may have been caught between the two shear domains of the Bright Angel Shale and
the overlying uncemented limestone then become cataclastized by sliding against the Tapeats
Sandstone after attenuation of the Bright Angel Shale. This is one explanation for the folding of
the Tapeats Sandstone upward towards its contact with the Bonanza King Formation as observed
by Anders et. al (2013).
The Muddy Peak Dolomite and Nopah Dolomite thin to the west (see map from Biek et
al., 2010). in the southern part of the pericline, likely due to the basal surface of the slide
extending down into these formations. As far west as Castle Cliff, the Muddy Peak Dolomite and
Nopah Dolomite are no longer present, as the glide surface has extended into the Bonanza King
Formation. Thus, much of the deformation at Castle Cliff previously attributed to low-angle
normal faulting or surficial landsliding (the prominent detachment surface and attenuation), is
instead related to the soft-sediment deformational event. Though a low-angle fault is likely
present beneath this surface, because much of the deformation at Castle Cliff is due to
gravitational soft-sediment deformation, the use of the term Castle Cliff Detachment has been
avoided for referring to the BDLANF.
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Figure 49. Basal glide plane of the soft-sediment deformation at Castle Cliff, previously interpreted as a
low-angle normal fault or as a modern surficial landslide detachment. Dipping to the west, the glide
surface may cut through the Muddy Peak Dolomite and Nopah dolomite and is found within the Bonanza
King Formation at Castle Cliff. Secondary internal soft-sediment slip surfaces are present within the
Redwall Limestone that sole into the basal glide plane.
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Figure 50. Closer view of the basal glide surface at Castle Cliff. Beneath the detachment the Bonanza
King Formation is catalastized, but there is little brittle deformation from the detachment surface
upwards, while soft-sediment deformation becomes prevalent. The glide plane dips eastward for a few
short segments as shown here. Notice unplugged core holes from previous researchers.

Figure 51. Secondary internal glide planes within the Redwall Limestone offset folded chert bands. No
brittle deformation is seen along these glide surfaces.
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Figure 52. Brecciated Bonanza King Formation. The Bonanza King Formation is cataclastized for tens of
meters, the majority of the formation that is present, beneath the Redwall Limestone at Castle Cliff.
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Figure 53. Broken chert band with no accompanying fractures or brittle deformation in the surrounding
limestone. Styolites in the upper left portion of the photo indicate dissolution associated with layerparallel extension. The styolites appear as though they may be offset along the same plane of softsediment deformation as the chert band, in which case they would have formed during compaction prior
to cementation.
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6.42.3 Welcome Springs Blocks

Figure 54. Sheep Horn Knoll, consisting of Cambrian, Devonian, and Mississippian Limestone in the
hangingwall of the BDLANF overlying metamorphic footwall rocks.

The largest allochthonous limestone block is found on the metamorphic rocks near
Welcome Springs (Sheep Horn Knoll, Figure 54). It consists of an almost unbroken mass of
Redwall Limestone resting on highly brecciated and attenuated Cambrian and Devonian rocks
(Hintze, 1985). Beneath this block is a zone of hydrothermal alteration that occurred along the
footwall of the BDLANF. Malachite is abundant in some locations and several test pits were dug
to assess the potential of mining. Additionally, some of the limestone near the fault has been
recrystallized (Figure 55).
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Figure 55. Limestone that has undergone some recrystallization in the damage zone of the BDLANF near
Welcome Springs.

The Welcome Springs Fault has dropped the Welcome Springs Block down to the
northeast and offset the BDLANF by ~160 meters (Figure 35). When offset along this fault is
restored, the Welcome Springs block is along the same plane as the hanging wall slivers along
the southwest margin of the metamorphic complex and at Castle Cliff, which were likely
interconnected as a larger piece of the hangingwall of the fault (Figure 3).
Soft-sediment deformation is also seen at Castle Cliff. Chert beds are offset along what
look like faults, however there is no sign of brittle deformation or fractures along these surfaces
of displacement and chert beds vary in thickness dramatically. Sandstone beds that are similar in

72

appearance to the Tapeats Sandstone are seen within the limestone in places, and blebs of
limestone are sheared into the sandstone (Figures 57 and 58).

Figure 56. Chert layers boudinaged during soft-sediment deformation (notice necking of chert layer in
center of image). The undulating contact between the dark chert beds and the surrounding limestone is
evidence of soft-sediment deformation (mostly unfractured).
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Figure 57. Layers of sandstone within the limestone seen at this location and others around Welcome
Springs. The sandstone is similar in appearance to the Tapeats Sandstone, however its precise origin is
unknown. Its emplacement within the limestone probably occurred during soft-sediment deformation as
limestone blebs were sheared into the sandstone, seen at this location and others around Welcome
Springs.
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Figure 58. Sandstone layer near the base of Sheep Horn Knoll, at a different location than the similar
sandstone in figure 57. A recessive, highly sheared layer of limestone is present in the middle of the
sandstone.

6.43 Grand Wash Fault
On the eastern side of the Beaver Dam Mountains the Grand Wash, Reef Reservoir, and
Gunlock Faults interlink to form a major N-S linear discontinuity (Figure 1). These faults have
been misinterpreted and are essential in understanding the structural evolution of the area. The
Grand Wash Fault is a normal fault, with a northern segment 150 km long. It forms an abrupt
transition between the Basin and Range and the Colorado Plateau where the Colorado River
leaves the Grand Canyon and enters the “Grand Wash”. Displacement on this fault has been
interpreted by previous researchers to end suddenly in the vicinity of the Beaver Dam Mountains
where it reaches the Reef Reservoir Fault, which is mapped as a thrust fault, as it has older,
structurally lower units in its hanging wall. According to this interpretation, down-to-the-west
displacement with a strong left-lateral component resumes along the Gunlock Fault, just 15 km
north of the supposed end of the Grand Wash Fault, with perhaps 5 km or more of offset (Biek et
al., 2010).
What is not considered is the structure that arises when a pericline that has been thrust
upwards in section is subsequently displaced downwards again by normal faulting. Whether the
normal fault is on the edge of the pericline, or cutting somewhere within it, or reactivating the
thrust plane, during initial displacement the hangingwall will contain older, structurally lower
formations than those across the fault in the footwall of the thrust. It would take a significant
amount of displacement before the hangingwall, which was previously structurally lifted and
steeply folded by thrust faulting, is once again lower than the footwall. This means that the fault
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would still display all of the characteristics of a reverse fault (Figure 59) and would most likely
be mapped

a.

b.

c.

Figure 59. Progression of the Grand Wash Fault offsetting the Beaver Dam Pericline. (a) development of
Beaver Dam Pericline. (b) offset of the pericline along the Grand Wash Fault. (c) Further offset and
erosion of both the hangingwall and footwall. Note how the fault juxtaposes older units in the
hangingwall against younger units in the footwall, despite only normal offset occurring along the Grand
Wash Fault. Erosion removed a portion of the forelimb of the pericline from the footwall of the Grand
Wash Fault. The previous extent of the fold is estimated in Figure 61.
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as a thrust. Because of the N-S plunging of the pericline, the North and South ends are the first to
become lower than the formations in the footwall. Additionally, the plunge of the north and
south ends of the pericline would create the appearance of left-lateral strike-slip motion in the
north and right-lateral strike-slip motion in the south. There is potentially a large interval of
displacement where the middle of the pericline would appear to be a thrust, while the ends
appear to have been offset by oblique normal faulting, which is what is mapped in the Beaver
Dam Mountains (Biek et. al, 2010). It is proposed that the Grand Wash Fault, Reef Reservoir
Fault, and the southern portion of the Gunlock Fault in the vicinity of the Beaver Dam
Mountains display purely normal offset and are not separate faults, and will be referred to as the
Grand Wash Fault.
The striking difference in the attitude of bedding on either side of the Grand Wash Fault
is the result of the pericline in the hangingwall being juxtaposed with the gently dipping,
unfolded footwall of the thrust. This is best observed near Gunlock Reservoir where several
plunging Jurassic and Cretaceous formations on the north end of the pericline strike directly into
a large area of flat Navajo Sandstone that belonged to the footwall of the thrust (Figure 60). This
indicates that the pericline has been dropped down to the west significantly, cut by a normal fault
through its forelimb, and that the pericline is larger than might be assumed, because a large part
of it on the footwall side of the fault has been eroded away exposing the footwall of the thrust
(Figure 61).
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Figure 60. Normal sense displacement along the Grand Wash, Reef Reservoir, and Gunlock Faults (here
considered all to be the Grand Wash Fault) truncates the forelimb of the Beaver Dam Mountains pericline
against the footwall of the normal fault (Figure 59), which has been eroded below the pericline forming
thrust. Truncation occurs along the strike of the fault for the entire pericline. The most obvious instances
of truncation are indicated.

The complete stratigraphic sequence exposed in the footwall of the Grand Wash Fault
from the Permian Queantoweap through to the Navajo Sandstone suggests that the pericline was
thrust over all of these units, however it is unclear whether the footwall of the fault was already
gently tilted to the northeast when this occurred, as it is now, or if this tilting occurred later.
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Figure 61. Estimate of the regional extent of the Beaver Dam Mountains Pericline before Basin and
Range extension and erosion of the footwall of the Grand Wash Fault. This estimate is based on
projecting the curvature of the outermost formations of the pericline. The Paleocene to Upper Cretaceous
Grapevine Wash Formation is the stratigraphically highest and outermost formation seen in the current
exposure of the pericline. Truncation of this formation on the Navajo Sandstone indicates a considerable
amount of normal displacement on the Grand Wash Fault which bifurcated the forelimb of the pericline
and offset the hangingwall portion westwards (Figure 59). The portion of the pericline on the footwall of
the normal fault has since been eroded, with erosion proceeding beneath the footwall of the Beaver Dam
Thrust (see Figure 59c).

7. Conclusions
Precambrian continental accretion metamorphosed sediments up to amphibolite or lower
granulite facies conditions and formed a mylonitic fabric that gives insight into the orientation of
shearing and the direction of ductile flow. Fold axes plunging to the northwest consistently
throughout the metamorphic complex belong to asymmetric, isoclinal folds that have a vergence
oblique to the orientation of the shear zone, dipping to the southwest, displaying north-south
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shear. Thin sections show that there is not a significant amount of stretching perpendicular to the
shearing, parallel to the lineations that form along fold axes.
During the Cordilleran Orogeny, a pericline formed in the Beaver Dam Mountains as part
of a larger thrust salient with the Virgin Mountains. The collapse of this structure during Basin
and Range extension resulted in low-angle normal faulting (BDLANF), evidenced by many
exposures of cataclasite with greenschist facies hydrothermal alteration and thick zones of
breccia, with shallowly dipping pieces of hangingwall attached to these damage zones. The
BDLANF is the basin bounding normal fault, which is not located further out in the basin with
no topographic expression. Normal faulting also occurred within the forelimb of the pericline on
the Grand Wash Fault, with a significant portion of its eastern part being eroded away exposing
the footwall beneath and obscuring the once greater extent of this large structure. This normal
faulting dropped the Beaver Dam Mountains down-to-the-west by a significant amount.
Furthermore, the deformation seen along the BDLANF is not compatible with a landslide
origin. A mega-landslide at Castle Cliff would have to have occurred above the low-angle fault,
as a basin bounding normal fault would be needed to form topographic relief. The westward
extent of the metamorphic rocks at Castle Cliff does not allow for a high-angle normal fault, and
the BLANF is well exposed along the western margin of the Beaver Dam Mountains. The
deformation here is more easily explained by attenuation along the BDLANF and by attenuation
that occurred during catastrophic soft-sediment deformation. Elsewhere in the hangingwall,
conglomerate facies within the Redwall Limestone have been misinterpreted as Tertiary Muddy
Creek Formation beneath blocks of Redwall Limestone mapped as gravity slides, with no
deformation seen along this proposed slip-surface.
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APPENDIX 1
Table 1. Sample locations given by gps latitude and longitude.
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Table 2. Figure locations given by gps latitude and longitude.
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